The ecology of microorganisms in subsurface environment is of increasing interest (B), in part because of the possibility that they might be exploited for transforming contaminants (i.e., bioremediation). Microbial populations in groundwater and unsaturated subsurface sediments can metabolize a variety of organic contaminants including aromatic hydrocarbon components in gasoline (13, 20) , surfactants (10) , and aliphatic chlorinated solvents (27) , yet a number of factors can limit the effectiveness of in situ bioremediation. Thomas and Ward (25) have suggested that the biodegradation in the subsurface environment is likely to be site specific and even microsite specific. Therefore, the diversity and heterogeneity of microorganisms in the subsurface environment can impact the effectiveness of bioremediation.
Several recent studies have dealt with bacteria in deep subsurface sediments of the Southeast coastal plain (I, 6-11, 15, 16, 19, 22, 24) . In the various deep sediments sampled from formations below the U.S. Department of Energy Savannah River Site (SRS) in South Carolina, bacteria were the predominant microbial group (24) and, among these bacteria, the aerobic and facultative chemoheterotrophs were the predominant types. Population densities of chemoheterotrophic bacteria ranged from below detection in the fine-textured sediments to 10 6 to 10 8 CFU g -1 in the coursetextured, water-bearing strata (la). Balkwill et al. (2) found that the different geological formations sampled at the SRS contained distinct types of bacteria and that the physiological characteristics of bacteria in specific geological forma-tions were relatively consistent among three different borehole sites. It was suggested that variations in the species composition of the bacterial flora in these formations occurred in response to variations in the physical and chemical properties of the sediments. Similar observations with regards to the diversity of bacteria associated with sand aquifers have been reported by Kolbel-Boelke et al. (17) and suggest that differences in bacterial species composition may be due to variations in subsurface sediment properties over scales of centimeters to meters. However, relatively little work has been done to quantify the fine-scale variations in the bacterial microflora in subsurface geological strata.
The purpose of this study was to examine both large-and fine-scale variations in the distribution and diversity of microbial populations in the subsurface. To that end, a series of cores were obtained from the Middendorf (MD; depth, 365 to 413 m) and Cape Fear (CF; depth, 461 to 467 m) formations at a site adjacent to the SRS in South Carolina. The detailed physical, pore water chemical, and microbiological properties of these core samples; the microbiological integrity of the core segments with regard to drill mud intrusion; and the relationships between the hydrogeochemical properties and microbial populations associated with the various cores have been described elsewhere (28) . This report describes the in vitro physiological traits of heterotrophic bacteria isolated from two series of closely spaced intact cores and our use of such data to investigate microbial heterogeneity and diversity in (i) two adjacent stratigraphic formations, (ii) cores within a single formation, and (iii) individual cores.
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MATERIALS AND METHODS
Site characteristics and sampling methods. Subsurface core samples were obtained from a borehole (designated as C-I0) drilled near Allendale, S.C. This borehole was located approximately 25 km from three previous boreholes (P-24, P-28, and P-29) drilled on the U.S. Department of Energy SRS, as reported in earlier studies (2) . At borehole C-I0, the stratigraphic sequence is relatively deeper and significantly thicker than at P-29. Samples for microbiological analysis were obtained from the MD and CF Cretaceous age formations (23) (Fig. 1) . Series of intact core segments from each of these formations were obtained from microbiological analysis, to investigate the diversity of bacteria within single subsurface formations and to identify physical and chemical properties that influenced the size and diversity of the microbial populations.
Subsurface core samples were obtained by using a continuous-sampling wireline coring system (with a bentonitebased drilling mud as lubricant) similar to the system described by Phelps et al. (21) . Drill muds were spiked with KBr and rhodamine dye to permit drill fluid intrusion into cores to be assessed. Typically, cores were brought to the surface within 1 h after coring. Cores in polyvinyl chloride core liner were then removed from the core barrel and cut into 30-to 6O-cm sections with an ethanol flame-treated saw blade. Cores whose ends were contaminated with rhodamine were discarded. Twenty-three core samples from the MD and CF formations ( Fig. 1) were obtained in this manner, sealed with plastic film, and sent on ice by overnight express carrier to the laboratory in Richland, Wash.
In the laboratory, core liners were scored with a power DIVERSITY OF SUBSURFACE BACTERIA 403 saw and opened in a laminar flow hood. Cores were not maintained or opened under anaerobic conditions, because previous analyses of MD sediments indicated that they were predominantly aerobic. The cores were split, and the inner 4 cm around the center of the core was removed and homogenized. This material was used for microbiological and chemical analyses. The undisturbed ends of each core were used for various physical analyses and determinations. The methods for the chemical and physical analyses, as well as detailed results, have been reported elsewhere (28) . Microbiological analyses. Subsamples (10 g) of sediments were added to 95 ml of sterile 0.1% Na 2 P 4 0 7 • 10H 2 0 (pH 7.0) and blended for a total of 60 s (two 30-s bursts with a 30-s rest in between) soon after sub sectioning of the core. Serial dilutions (10-fold) were prepared from this sediment homogenate in phosphate-buffered saline (PBS) (11.77 g of N~HP04' 2.23 g of NaH2P04 . H20, 8.0 g of NaCl, and distilled deionized water to 1 liter) and spread plated in triplicate on 1% PTYG agar (3) .
Individual colonies representing a single type (based on morphological characteristics such as color, surface, edge, etc.) growing on 1% PTYG plates were picked from the dilution plates that were enumerated and restreaked until pure. A total of 198 isolates were obtained in this manner. These isolates were preserved by freezing ( -75°C) in either sterile 50% glycerol or 7% dimethyl sulfoxide. Predominant colony types were also isolated from the drilling muds, and their substrate utilization patterns were compared with those of the isolates from the sediment samples to determine whether the predominant heterotrophic bacteria were metabolically similar and, hence, were possible contaminants that could have been introduced during drilling.
The aerobic utilization of 95 different substrates was determined for the individual isolates by using a commercially available microtiter plate test system (GN MicroPlate; Biolog, Inc., Hayward, Calif.). Although the manufacturer's intended application for these plates is identification of gram-negative bacteria, they were used in this study to obtain a metabolic profile for individual isolates. The microplates were used as specified by the manufacturer except that (i) the inoculum was prepared in sterile deionized water rather than sterile saline and (ii) the microplates were incubated at 27°C instead of the recommended temperature of 33 to 35°C. The use of 0.85% saline resulted in a higher percentage of subsurface isolates that would give a negative response to all 95 substrates than the use of the deionized water did. Approximately 10% of all the subsurface core isolates tested still gave a negative response to all 95 substrates in the GN plates even when resuspended in water instead of saline. Several of these were sent to the manufacturer for additional evaluation. These isolates were not used in the data base for this study, although preliminary results indicate that when the ionic strength of the basal medium was decreased, many of these isolates gave a positive response to at least one of the substrates (4a). An incubation temperature of 27°C was used, which was closer to the in situ temperature (23 to 25°C) of the MD formation. The oxidation of substrate in these plates was detected by using a colored redox indicator. The AS70 for the individual microtiter plate wells containing different substrates was read by using a microtiter plate reader (Bio-Tek Instruments, Inc., Burlington, Vt.), and the absorbance values were compared with those from a control well containing no substrate. Wells with an AS70 that was 40% or greater than that of the control well were scored as positive.
In addition to the Biolog GN plates, API Rapid NFT kits • Colony types were identified on the basis of differences in morphology at the dilution counted.
e Lignite-sand mixture. f NG. No growth at the lowest dilution (detection limit, ca. 1.5 log CFU g [dry weight) of sediment-I).
(Analytab Products, Plainview, N.Y.) were used to test for 21 physiological traits, as described earlier (2) . Several of the NFT-tested substrate utilization traits were the same as those in the Biolog GN plates, e.g., N-acetyl-o-glucosamine, L-arabinose, o-glucose, maltose, o-mannitol, o-mannose, citrate, and o-gluconic acid. This overlap provided an internal control for assessment of the two test systems. Diversity analyses. Similarity coefficients for each isolate compared with all other isolates were calculated by using the simple matching coefficient (18) . Cluster analysis of the strains used the unweighted average linkage method (BMDP Statistical Software, University of California, Los Angeles). Division into clusters was based on similarity values of 75% or higher.
RESULTS
General characteristics of core samples. Core samples from the MD formation were composed principally of coarse sands (Table 1) , which accounts for the relatively high resistivities (indicating the density and porosity) of the formation (Fig. 1) . In contrast, the CF core samples tended to have a higher content of fine sands, especially the samples from below 465.5 m.
The pH ofthe pore water in the MD cores ranged from 3.4 in the lignite-sand sediment to 8.7 in sample 24-A (Table 1) . In general, the cores in which the pH was low had higher concentrations of lignite, total sulfur, and acid-volatile sulfides, suggesting that reduced sulfur may have oxidized with concomitant acid production during core retrieval and handling (28) . The CF cores contained little lignite or total sulfur, and in consequence the pore water pH of the various CF cores was less variable than that for the MD cores, ranging from 9 to 10.4.
The two geological formations contained differing numbers of culturable, aerobic, heterotrophic bacteria. Plate counts (on 1% PTYG agar) were typically several orders of magnitude lower in cores from the CF formation than in those from the MD formation (Table 1) ; in fact, no colonies were observed on the plates for some of the CF cores (even on those inoculated from the lowest dilution). The diversity of aerobic chemoheterotrophs (as indicated by the number of distinct colony types) was also somewhat lower in the CF cores (Table 1) .
Physiological diversity by core and by formation. Both API NFT strips and Biolog GN plates were used to obtain a physiological profile for each isolate. This allowed for comparison of the diversity of aerobic heterotrophs between core samples and between geological formations. An API physiological profile was considered distinct if it differed from those of the other isolates by at least 1 of the 21 different tests. According to this definition, 81% of the isolates from the MD formation cores and 87% of those from the CF cores were unique (i.e., the same API profile was not observed for any of the other isolates from the same formation) (Table 2) . However, API test results can vary because of variability in phenotypic expression or culture age and/or density. Therefore, the number of distinct physiological types in each core and formation was also calculated on the basis of a looser definition of what constitutes a unique type. The number of physiological types was also calculated by using two or more and three or more API phenotypic trait VOL. 57, 1991 differences (Table 2 ). There was not a marked reduction in the number of physiologically distinct types at a stringency of two or more trait differences, but only about one-third of the total number of isolates were distinct at a stringency of three or more. The proportion of total isolates that were distinct API types was approximately the same for both the MD and the CF cores, and the number of distinct types was distributed relatively evenly throughout the. various core samples. A similar approach was taken for determination of physiological diversity on the basis of substrate oxidation patterns obtained with the Biolog GN plates (Table 3) . When a unique Biolog type was defined as an isolate that differed from all others in the formation by at least 1 of 95 substrates, diversity in both the MD and CF formations was high (87 and 99% of all isolates, respectively). However, we observed some variability in GNplate test results for the same cultures evaluated at different times by using the same methods. With the manufacturer's recommended criterion of an absorbance of at least 40% greater than the control well to distinguish positive from negative results, some cultures varied from positive to negative for the oxidation of a particular substrate (because they gave a relatively weak color reaction). Therefore, the diversity of Biolog GN physiological types was also calculated by using differences of 5 or more and 10 or more test results to define unique substrate utilization patterns. When a stringency of five or more differences was used to define a distinct type, the number of types from the MD core declined to approximately one-half of the number obtained when the discrimination was at one DIVERSITY OF SUBSURFACE BACTERIA 405 test (Table 3) . In contrast, the number of distinct types in the CF cores declined only to 83% of the total number of isolates when a discrimination of one test result was used. When a stringency of 10 or more substrate responses was used, the number of unique types declined to approximately 30% in both formations. Trait differences by core and by geological formation. Biolog and API results were used to determine the physiological diversity of core isolates and to assess and compare their group physiological traits. This was accomplished by grouping isolates by individual cores or formations and expressing the results as the percentage of isolates in that group giving a positive response to a substrate or activity. The percent positive responses to each of the 95 GN plate substrates of isolates from six of the MD cores in which at least 10 isolates were obtained are compared in Table 4 . The group physiological responses were different between the different cores for a number of the substrates. The heterotrophic isolates associated with the lignite and adjacent lignite-sand layer, generally, had the broadest catabolic capacity, utilizing 97 and 87% of the substrates, respectively. In contrast, heterotrophic isolates in cote samples 24-G and 24-1 utilized only 37 and 60% of the substrates, respectively.
A common characteristic of all the subsurface isolates was the metabolism of organic acids (e.g., acetate and succinate). Complex polymers, such as glycogen and dextrin, as well as the monomer ~-hydroxybutyric acid, were also commonly metabolized. Tween 40 (the palmitic ester of sorbitol and sorbitol anhydrides) was the most commonly metabolized Tween 80 Continued on following page VOL. 57, 1991 substrate, and Tween 80 (the oleate ester of sorbitol and sorbitol anhydrides) was also metabolized by a high percentage (56%) of the isolates (Table 5 ). In contrast, the percentage of isolates that metabolized sugars other than the hexoses glucose, fructose, and mannitol and the disaccharide maltose was low. All of the 95 assay substrates in the GN plates were utilized by at least one of the subsurface isolates.
Although the MD formation harbored larger populations of heterotrophic bacteria than the CF formation did, a higher proportion of the CF isolates (2:10 percentage points difference) metabolized 45 of 95 GN plate substrates than did the MD isolates (Table 5 ). In contrast, only 4 of 95 substrates were metabolized by a greater percentage of MD than CF isolates. The core-to-core variation within a given geological formation for group responses to API tests (data not shown) was similar to that for the GN plate substrates. A greater proportion (2:10 percentage points difference) ofthe cultures from the CF formation gave positive responses to 7 of the 21 API tests than did the cultures from the MD formation; in contrast, for only 2 of the 21 traits did a greater proportion of the MD isolates give a positive response. None of the cultures in either the MD or CF formations had tryptophanase activity or fermented glucose.
Eight of the substrate utilization tests in both the API NFT test kits and the Biolog GN plates measured the same trait. The substrates were N-acetyl-o-glucosamine, L-arabinose, o-glucose, maltose, o-mannitol, o-mannose, citrate, and o-gluconate. The percentages of MD and CF core isolates that gave positive responses for each of these substrates in the different test kits were compared (Table 6 ). For all of the substrates, a higher proportion of the subsurface isolates gave positive responses when evaluated by the API NFT strip than by the Biolog GN plates. For some of the substrates, the difference between the results from the two systems was minor, but for others, such as N-acetyl-oglucosamine, the differences were substantial (Table 6 ). One possible explanation for the discrepancy between the two systems is that for some isolates there was some absorbance in the control well of the Biolog plates. Since all values are corrected for the control well, this phenomenon could produce some false-negative results. Cluster analysis. Cluster analysis of the API NFT profiles of all the isolates revealed 21 different biotypes based on similarities of 75% or more. All isolates clustered at a similarity index of 56%. One biotype contained 29% of all the subsurface isolates with a relatively even distribution of isolates from the CF and MD formations (Table 7) . Ten biotypes included five or more isolates each. In general, there was an even distribution of both MD and CF isolates in the different biotypes. However, there were exceptions, such as biotype 8, which was dominated by CF isolates (10 of 11), and biotype 15, which was dominated by MD isolates (16 of 17). The feature of biotype 8 that distinguished it from the other biotypes with more than five isolates was that all of the isolates (except for the single MD isolate) were arginine dihydrolase positive. The features of biotype 15 that distinguished it from the others were the reduction of nitrate and the ability to use maltose and o-gluconate. In general, there was also a relatively even distribution of isolates from the different core samples among the different biotypes; i.e., isolates from one or two core samples did not dominate any of the the major biotypes. Potential genera of subsurface bacteria. Potential taxa of core isolates from the MD and CF formations were determined (Table 8 ) on the basis of their patterns of response to the 21 API physiological tests and comparison with those listed in the API-Rapid-NFT Identification Codebook (1) . Only about 11% of the isolates from both formations matched the listed isolates with a certainty of identification of 90% or greater. Most of the isolates that did match were from the MD formation and were in the genus Pseudomonas. These results are consistent with the findings from earlier studies (2) .
DISCUSSION
Physiological diversity among bacteria isolated from core sediments from two different Cretaceous sedimentary formations, the MD and CF formations, was measured by using two commercial identification systems (API NFT and Biolog GN plates). The results indicated that a variety of physiological types were present in each core segment from the MD formation, for which 12 core segments were taken over a vertical distance of 47 m, and from the CF formation, for which 13 core segments were taken over a shorter interval (about 6 m) (Tables 2 and 3) . A large proportion (>75%) of the subsurface isolates examined were physiologically distinct from each other, indicating that few types occurred in more than one core segment. Moreover, core segments that were close together had substantial differences in the percentage of isolates able to utilize specific compounds in the GN plates (Table 4) . Despite the potential problems (resulting from variations in the phenotypic expression of traits) that can occur when using these systems, the heterotrophic bacteria in these sediments were not dominated by one or a few types. This was evident from the fact that a large number of distinct physiological types was obtained even when the stringency for defining a physiological type was reduced (Tables 2 and  3 ). Torsvik et al. (26) compared the phenotypic diversity of soil bacterial strains, identified by using the API 20B test system, with the genotypic diversity of the same population identified by using reassociation kinetics of mixtures of DNA from the same strains. They found that the two methods were in close agreement. This agreement suggests that measurements of physiological diversity may also be indicative of genetic diversity and vice versa.
Subsurface sediments from the Southeast coastal plain were previously found to harbor relatively large (lOS to 10 7 CFU g of sedimenC 1 ) popUlations of aerobic heterotrophic bacteria (la, 8) . Earlier studies demonstrated that aerobic chemoheterotrophs occurred in high densities in sandy, transmissive formations, but were present in much lower densities in (or even absent from) formations with high clay contents (la, 12) . In the current study, particle size distribution was not the only factor controlling population density. For example, there was a difference of several orders of magnitude in the heterotroph population size in MD and CF core segments with similar sand and clay contents (e.g., 24-E and 28-A) (Table 1) . However, the hydraulic conductivity of these core segments varied considerably and appeared to be a major factor in controlling population size (28) . One possible criticism of the approach used herein to evaluate microbial diversity is that for most core samples, only a small proportion of the total number of bacteria was examined. However, Bianchi and Bianchi (4) found that a small number of isolates (20 to 30 isolates) from a given environmental sample was sufficient to describe the extent of bacterial diversity.
The diversity of heterotrophic bacteria in these sediments was unexpected, given the relatively low levels of dissolved organic C in these systems (12) and the fact that these environments have been characterized as extremely oligotrophic environments (6) . However, Kolbel-Boelke et al. (17) have reported that there were different types of heterotrophic bacteria associated with core samples taken at various depths within a single borehole.
The populations (plate counts) of viable heterotrophic bacteria in the study by Kolbel-Boelke et al. (17) ranged between 10 1 and 10 5 CFU g (dry weight) ofsedimenC I • Such populations are consistent with those observed in the CF cores and slightly lower than the average popUlation seen in the MD cores. Several factors could contribute to the large populations in the MD formation, including the presence of larger amounts of solid-phase organic matter (Fig. 1) . Although the solid-phase organic matter (lignite) is probably refractory to microbial metabolism, it may supply low concentrations of C for microbial growth and metabolism in this formation. Atlantic coastal plain subsurface sediments have evolved CO 2 when incubated under aerobic conditions (8), and Jones et al. (16) observed the production of methane and acetate in certain unamended subsurface samples from the SRS, indicating that there was fermentable organic matter in some formations. Geochemical analyses and isotopic composition of the dissolved inorganic C also indicated that the~e was in situ microbial respiration of the sedimentary orgamc material (7, 8) . The ability of subsurface bacteria to utilize lignite, various lignite fractions, or related compounds has not been assessed. It is interesting that at least one isolate from both the lignite and lignite sand layers sampled from the MD formation were able to use practically all of the C substrates in the Biolog GN systems, indicating that some of the heterotrophic bacteria associated with these samples were metabolically versatile.
The most commonly metabolized GN plate substrate was Tween 40 (metabolized by 85% of all isolates). Tween 80 was also metabolized by more than 50% of all subsurface isolates (Table 5) . Kolbel-Boelke et al. (17) also found that Tween 40 was commonly metabolized by groundwater (52%) and sediment (71%) bacterial isolates. These results suggest that lipidlike compounds may be important sources of organic C for heterotrophic metabolism in subsurface environments.
Other carbon compounds that were commonly metabolized included organic acids and j3-hydroxybutyric acid. j3-Hydroxybutyric acid can accumulate intracellularly as the polymer poly-j3-hydroxybutyrate in some bacteria and can be an important survival mechanism for bacteria in oligotrophic subsurface environments. Sinclair and Ghiorse (24) found that a high proportion (74%) of bacteria isolated from deep sandy subsurface sediments at the SRS deposited lipophilic storage material, which was assumed to be polyj3-hydroxybutyrate. By knowing the types of organic substrates commonly metabolized by bacteria in a given formation, it may be possible to selectively stimulate a given group of organisms in situ to enhance the degradation of contaminants.
It is clear that the diversity of heterotrophic bacteria in deep Southeast coastal plains sediments is great, even in samples that are separated vertically by less than 1 m. The fact that sediments can harbor different types of bacteria may account for the failure of incubation of subsurface sediment samples with organic contaminants (i.e., the use of microcosms) to predict in situ biotransformations (27) . Rates of CO 2 production in laboratory incubations of deep coastal plain sediments with [ 14 C]acetate overestimated in situ rates for samples from some, but not all, sites (6) . These results indicate that there can be considerable heterogeneity even within the same aquifer. The heterogeneous microbial activity measurements, such as acetate turnover, are consistent with the finding of this study that distributions of heterotrophic bacteria are heterogeneous at the popUlation and organism levels. Variability in the extent and rate of biodegradation of organic chemicals with depth have been observed in both shallow (9, 10) and deep (15) saturated sediments. The inability of microcosm experiments to predict biodegradation rates in subsurface sediments and the variability in biodegradation of organic compounds in single aquifers may be due in part to spatial variability in the distribution of microbial populations (14) .
Although a spatially heterogeneous microbial population can make it difficult to predict in situ microbial transformations of contaminants, such diversity may increase the likelihood that the community will be able to metabolize a variety of contaminants. For example, a Pseudomonas cepacia strain has been isolated from the MD sediment that was capable of growth on quinoline and a variety of other aromatic compounds (5); more recently, another bacterium was isolated that was capable of growth on naphthalene, toluene, and all isomers of xylene (lla). The metabolic flexibility of these bacteria makes them potentially useful for environmental biotechnological applications.
